Abstract-In this paper, a methodology is presented to identify and analyze interaction modes between converters in voltage-source converter multiterminal high-voltage direct current (VSC MTDC) systems. The absence of a substantial level of energy stored in such power-electronics-based systems results in fast system dynamics, governed by electromagnetic phenomena. Moreover, interactions between converters are largely influenced by the control parameters and, in general, an a priori identification of interaction modes based on associated time constants is less straightforward than in ac systems. Furthermore, the extent to which converters interact not only depends on the controller parameters, but is also influenced by the physical characteristics of the HVDC system. The methodology introduced in this paper is based on aggregated participation factors to distinguish between local modes, primarily associated with one terminal, and interaction modes involving multiple terminals. To illustrate the proposed methodology, the influence of droop control parameters, as well as dc breaker inductors, on the system dynamics and the participation of the terminals in system interactions are investigated for a three-terminal MTDC system.
Identification and Small-Signal Analysis ofoperation of several converters in an MTDC system still poses a number of technical challenges. Since larger HVDC grids will most likely be multivendor systems with potentially different converter technologies operating in the same grid, a critical aspect concerns the interoperability and the prediction of possible adverse interactions between the terminals. In traditional ac systems, the fundamentals of adverse interactions between generators are well understood and small-signal stability analysis is typically distinguishing between local modes and slower interarea modes [2] . Furthermore, the synchronous generators' inertia provides a physical basis for this classification of ac system stability phenomena [3] . This does not directly apply to HVDC grids, where the time constants governing the system response are much smaller since they are determined by the capacitive discharge of the cables and converter dc capacitors. Consequentially, the controller settings can have a significant impact on the nature of the interactions, which are not necessarily limited to the converters, but can also involve other system elements.
Since most operating VSC HVDC schemes until today are two-terminal systems with a centralized dc voltage control, the stability analysis has mainly been limited to the interaction with the ac system. For the analysis of local interactions with the power system, the converter can usually be simplified as a controllable voltage source, whilst retaining a detailed representation of the converter controllers [4] , [5] . Moreover, a reduced model of the ac system, namely, a voltage source with a complex impedance based on the short-circuit ratio (SCR) at the point of common coupling (PCC), is generally used to study the stability of the controllers with respect to the local ac system [6] , [7] . For such studies, the dc side can usually be simplified by only retaining the overall voltage dynamics in the system [5] , [7] . For studying interactions with slower multimachine dynamics in ac systems, the converter control is commonly simplified, by focusing on the slower power control dynamics [8] .
The expected advent of multiterminal systems has triggered the development of a new breed of linearized models to study control interactions involving several converters [8] [9] [10] [11] [12] [13] . In [9] , the stability of voltage droop-controlled converters in a dc system was discussed using singular value decomposition of a linearized model of the converter controllers and the dc system. However, the focus was on the voltage droop gain, and possible adverse interactions with other control loops were not included. Furthermore, the dc grid dynamics were accounted for by lumped impedance models. In [10] and [11] , MTDC small-signal stability models were developed by straightforwardly extending the operation principles of two-terminal schemes. The models in both works did not account for a distributed voltage control based on a droop control action, which is generally conceived as the most plausible candidate for controlling the dc system voltage in future meshed HVDC grids. In [10] , the main focus was on the development of the converter models, while the dc system was modelled as a resistive-capacitive network. While this simplified system representation might contain enough details to study the slower ac/dc system interactions, it implies only a partial image of all possible converter interactions. Moreover, none of the studies considers the possible adverse influence of the dc breakers' inductors on the dc voltage-control stability, which was recently taken into account in [14] .
A first step toward assessing the potential for problems related to adverse small-signal interactions in an MTDC system can be to identify the modes of the system that are not only associated with a single terminal. Moreover, a methodology to identify interaction modes in the system can help provide a more fundamental understanding of the system dynamics. In this context, it should be emphasized that the presence of interactions in an MTDC system does not necessarily imply negative effects since terminals in an MTDC system are meant to interact in order to transfer power. However, if some of the interaction modes become poorly damped, they can give rise to oscillations that cannot be addressed locally.
This paper aims at introducing a method for systematically identifying interaction modes in a VSC MTDC system by analyzing the participation pattern of the different system elements. Thus, this paper demonstrates how the modes can be classified into local and interaction modes, in a way similar to the subdivision generally applied in large ac systems. As an example, this paper addresses the extent to which the converter interactions are influenced when the overall system control is changed from centralized voltage control to voltage droop control and investigates the influence of the dc breakers' inductors on the interaction modes.
II. MATHEMATICAL MODELLING
To maintain the flexibility to model systems with arbitrary topologies, the different elements in the HVDC scheme (cables and converters) are first represented as independent linearized time-invariant subsystems in a state-space format (1) with being the state vector; is the input vector; and , are the known coefficient matrices that can be a function of the steady-state linearization around . The dynamics for the entire system are thereafter derived by assembling the subsystem models. Further details on the general modular state-space modelling procedures for multiconverter systems are found in [15] and [16] .
A. Converter Terminal Modelling
The converter and its control loops can be derived in the form of (1). The converter model used in this study is largely based on the model described in [17] with a control system configuration as depicted in Fig. 1 . It consists of an averaged two-level converter model, including filter bus dynamics. The connection to the grid is taken into account using a complex impedance, which represents the combination of the transformer and the grid Thevenin impedance. A phase-locked loop (PLL) is used to synchronize the reference frame to the voltage at the filter bus. Additional control loops include decoupled inner current controllers, a proportional-integral (PI) dc voltage controller Fig. 2(a) , or a PI active power controller [ Fig. 2(b) ] [13] , possibly supplemented with a dc voltage droop Fig. 2(c [17] .
The input vector consists of the reference signals shown to the left in Fig. 1 , as well as the ac grid voltage amplitude and the dc current as indicated in Fig. 3 . This results in a model, where the converter dc voltage appears as the state variable that needs to be linked with the other subsystems of the MTDC system. The steady-state conditions can be calculated for this building block by assuming a certain operating condition for the entire system and are used to linearize the system model around the operating point.
B. Cable Modelling
The HVDC cables are modelled with a state-space representation based on cascaded pi elements with parallel series branches as in [18] . The parallel branches of the pi elements, calculated using vector fitting [19] , allow incorporating the frequency dependence of the series cable parameters and . Fig. 4 illustrates how the cable is modelled as an independent building block, terminated with inductors , to represent the current-limiting reactors of dc breakers and its corresponding resistance . Fig. 5 shows an equivalent circuit model from [18] , suitable for a state-space representation of the cable. The expressions in the appendix indicate how the state-space model from [18] is extended to account for the presence of the dc breakers.
C. Aggregation of Subsystem Models
With all of the different subsystems described in the form of (1), a state-space model of the entire system is assembled.
A first step is to determine the steady-state condition for the entire system in order to define the operating point for each subsystem. Hence, a steady-state solution for the dc system is required, taking into account the dc system losses. As a result, one obtains the state-space models of the different subsystems. For subsystem (3) with being the subsystem's state variables, are the input variables, is the state-space matrix, and is the input matrix. The overall system matrix can be assembled by accounting for the "interface variables", that is, state variables of subsystems that are input variables for other subsystems. More specifically, these are the dc currents at the cable ends and the converter dc voltages. The state-space model for a system of elements can be written as (4) with (5) (6) assuming no overlapping states in the modelling of the subsystems, with . The resulting input vector only consists of reduced versions of the converter input vectors, since the dc currents, which are inputs to the converter model (Fig. 3) , are state variables related to the cable subsystems. Similarly, dc voltages are state variables related to the converters' subsystems, and the input vector for the cable is eliminated by substituting the corresponding columns of in .
III. IDENTIFICATION OF SUBSYSTEM INTERACTIONS
The interactions between the different subsystems are studied with the model from (4)- (6) . As a first step, a criterion is defined to classify the modes as either local or interaction modes, where interaction modes are defined as modes in which at least two converters participate. The interactive nature of these modes can be identified on the basis of participation factors. Let denote the participation factor of state variable in mode , defined as [2] (7) with being the th entry of the right eigenvector and being the th entry of the left eigenvector . Let be the vector with the participation factors associated with mode for all system states. Similarly, is the vector for all states of subsystem .
A parameter is defined as a measure for the overall participation for each subsystem in mode such that (8) with denoting the -norm. Specifying a threshold , an interaction mode between two subsystems and is defined as a mode for which and , resulting in a subset of interaction modes . The definition can be extended to more subsystems. When particular interactions between a subset of subsystems are of interest, a set of interaction modes can be defined as (9) Analogously, a subset of interaction modes is defined, consisting of modes in which some, but not all subsystems in are involved. With denoting the subset of subsystems from and (10) with the set of subsystems defined as . The relative participation of subsystems with respect to the subset can be defined as (11) As a generic example, in the case where a subset of three subsystems , and is considered, a so-called ternary diagram can be used to represent the relative participation of each of the three subsystems. Fig. 6 offers an example with an illustrative threshold of 10%. The location of the modes in this diagram determines the relative participation of the three subsystems. Mode A is a mode in which the three subsystems equally participate. The area marked in dark gray contains all of the modes in which the three converters participate. Similarly, mode B has about equal participation from subsystems , and , while subsystem does not participate in the mode. Mode C, on the other hand, is a "local" mode associated with subsystem , but not with subsystems and . Attention needs to be paid to the fact that the position in the ternary diagram only indicates the relative contributions of the three subsystems . In other words, when there are more than three elements in the system and when, for a given mode , with , the position of the mode in the diagram only provides information about the relative contributions of the three elements compared to each other. The contribution of the other elements in the network will be visualized in the ternary diagram by grouping these remaining elements and changing the luminance accordingly. Another consequence is that the shaded areas cannot be directly applied to the modes for which , as the absolute relation turns into a relative one as a result of the scaling; hence, with . Consequentially, the area indicating interactions between the three subsystems shrinks accordingly with lower values of .
IV. CONVERTER INTERACTIONS IN MTDC SYSTEMS
The identification method from the previous section is applied to a three-terminal MTDC system. The configuration, shown in Fig. 7 , is based on a symmetrical monopolar system with voltage ratings of 320 kV. The three converters and the cables have a rated power of 1200 MW. The cable between converters 1 and 2 is 300 km long, whereas the cable between converters 2 and 3 is 150 km long. Cable data are based on the model presented in [20] . The ac-side parameters of the two-level converter configuration have been taken from [21] . The inner current controller has been tuned to obtain a critically damped system with an equivalent time constant of 2.5 ms. 
A. Time-Domain Model Verification
Figs. 8 and 9 show a time-domain verification of the linearized model (index "lin") against a nonlinear three-phase averaged model in MATLAB/Simulink SimPowerSystems, using dc voltage droop control according to Fig. 2(c) on all converters. The active power PI controller has been tuned to obtain an equivalent time constant of 25 ms (hence 10 times slower than the inner current controller), while a droop gain of 10 has been used, resulting in a theoretical second-order system response with damping 0.15 and frequency 21 Hz. Cable models with three parallel branches and three pi sections have been used, based on a tradeoff between accuracy and simulation speed. Fig. 8 shows the effect of a 10% step change in voltage references for all converters at 0.05 s and back to the original values at 0.55 s, on the dc voltage and active component of the grid-side current . As expected, the picture shows that the linearized model accurately represents the system in the vicinity of the steady-state operating point used for the linearization. Similarly, Fig. 9 shows the effect of a simultaneous power setpoint change of, respectively, 0.3 p.u, 0.1 p.u., and 0.2 p.u. for converters 1, 2, and 3. From these curves, it can be seen that the currents are accurately represented, even with a large step in power reference, whereas there are small deviations in dc voltages when the system is not at the linearization point. The main deviations stem from the nonlinearity of the VSC power balance, but this effect only has a relevant impact for relatively large excursions from the linearization point.
B. Centralized Voltage Control
In a first case study, converter 2 is set to constant voltage control, while converters 1 and 3 are in constant power mode. In analogy to the previous section, the time constant of the compensated outer power control loop is 10 times larger than the one of the compensated inner current control. The dc voltage control is tuned by means of a symmetrical optimum (phase margin 65 ), with an overall dc system time constant of 22.3 ms, of which 5.4 ms results from the capacitance of each converter in the system. The inverted power in converters 1 and 3 is set to 150 and 500 MW, resulting in rectified power in converter 2 of 662 MW. The cables have been represented by the model from [18] , with five parallel branches and five parallel sections. Fig. 10(a) shows the eigenvalues of the entire system, limited to the ones with the real part over 1000. As a result, the plot is limited to 86 relevant modes out of a total of 112 modes. Fig. 10(b) depicts the eigenvalues related to converter 1 (i.e., 5%). Fig. 10 (c) shows the cable modes (i.e., modes for which the sum of the cable participation is over 50%). Fig. 10(d) shows the interaction modes between converters, that is, the modes for which 5% for at least two converters. With this threshold, only a limited subset of 8 out of 112 modes is identified as interaction modes between the converters. Fig. 11 shows the normalized values of the participation factors for a selection of interaction modes. These values are defined as , with the -norm. The converter states in the figures are defined in (2) . Modes A and B are not depicted, since they are mainly cable modes. It is clear from this picture that the main participating states in interaction modes C, D and E, F are the dc voltages . The main states participating in the slow modes G, H are the three dc voltages, which participate equally, as well as the state , which is related to the integrator of the dc voltage controller in converter 2 and to a lesser extent to the corresponding converter current component , associated with the active power. Fig. 12 shows the relative share of the different converters in the interaction modes A to H. The grayscale indicates the combined participation of all converters in the modes. The lighter the circles, the lower the overall converter participation, and consequentially, the higher the overall cable participation. It is clear that modes A, B are mainly associated with the cables, and that the slow modes G, H are mainly associated with the converters. The latter modes are strongly related to power-flow control. However, the results from Fig. 10(d) reveal that the converter interactions in the dc system are not limited to these slow control modes. Fig. 11 shows that the coupling is mostly associated with the dc voltage and associated states.
C. Voltage Droop Control
When using voltage droop control, the interaction pattern changes. The droop gain has been designed as explained in Section IV-A and is set to 10 for all converters. The active power of the converters is now equal to 327 MW, 1019 MW, and 676 MW for converters 1, 2, and 3, respectively. As in the previous section, Figs. 13 and 14 show the modes and the participation of the different converter state variables in a subset of interaction modes. The interaction modes A to F, which are associated with the cables, remain largely unchanged when droop control is added. The interacting states in the slow control modes G, H now include the state variables related to the integrator in all active power PI controllers and the corresponding current components to a lesser extent. Furthermore, also other real poles appear in the interaction pattern. Fig. 14 shows the participation of the interacting states for modes I to K as an example, in addition to interaction modes analyzed in the previous section. Modes I to K are mostly related to the state variable associated with the integrating control action of the power controller. Fig. 15 depicts the relative participation of the different converters in the interaction modes. A comparison with Fig. 12 shows that the participation pattern of the interaction modes associated with cables (A to F) does not change when droop control is added. The different operating point does not affect the interaction pattern significantly. As a result of equal droop settings in all converters, the slow interaction mode G, H now faces equal participation from all converters, whereas it was primarily determined by the voltage controlling converter 2 in Fig. 12 . The interaction modes J and K are close to the (cable) interaction modes C, D, indicating a similar relative participation of the converters. A similar remark holds for modes I, L and M on the one hand and modes E, F on the other hand. This was also visible from Fig. 14 . When voltage control is distributed by means of voltage droop control, the interactions between the converters are thus no longer limited to the dc voltage states, but also to related converter states. This indicates that poorly damped oscillations or instability caused by modes G, H should be addressed in a system-wide manner by changing the droop or power controller parameters. Meanwhile, it is clear that in this particular case, there is no need to study modes A-F in more detail due to their high damping.
V. PARAMETRIC SENSITIVITY OF INTERACTION MODES
In this section, the effect of parameter variations on the location and relative participations of the interaction modes are analyzed. This illustrates how the proposed classification can be used to study the impact of system parameters on the interaction patterns in the system. The analysis has been limited to voltage droop control on all converters with realistic parameter changes, resulting in a stable system response. 
A. Variation of DC Breaker Inductance
As a first example, inductors are added at the cable ends to represent the effect of dc breakers. Figs. 16 and 17 , respectively, illustrate the effect on the position of the poles in the complex plane and on the participation of the converters when changing their values from 10 to 400 mH. The color change (blue to green) illustrates the effect of increasing the dc breaker inductor. In addition, similar to the grayscale in previous ternary diagrams, the lightness of the color indicates the overall cable participation in the mode: the lighter the circles, the lower the overall converter participation and, consequentially, the higher the overall cable participation. It is clear from Fig. 16 that adding the inductors largely leaves the position of (power) interaction modes G, H unaltered, while modes A to F become much less damped and lower in frequency as a result of the increasing inductance. Contrary to the results in the previous section, increasing the induc- tance might cause modes A to F to significantly influence the system dynamics. From Fig. 17 , it can be observed that the participation of converter 1 slightly increases for modes G, H, mostly at the expense of converter 3. At the same time, modes C, D, and K face a similar, but more pronounced change in participation from the different converters. Whereas these interactions are initially primarily linked with the shorter cable between converters 2 and 3, they now present an increased share of converter 1, the remote converter, since the relative difference between the overall inductance of connections 1-2 and 2-3 decreases. Similarly, modes E, F, which are primarily linked to an interaction between converters 1 and 3, now face an increased share of converter 3 due to the relatively larger increased inductance of connection 2-3. Fig. 18 highlights how the increased share of converter 3 in the mode largely comes at the expense of the participation of cable 1-2.
B. Variation of all Droop Gains
A variation of the droop gain from 2 to 20 is considered for all converters. Figs. 19 and 20 summarize the results. Increasing the droop gain slightly changes the position of the cable modes C to F, while the relative participation of the converters largely remains unchanged. Mainly modes I and J, which are related to the integrating part of the power controller, face a change in the relative converter participation. The relative converter participation for the slow control modes G, H does not change significantly, but with increasing system gain, the corresponding oscillation frequency increases while damping decreases. 
C. Variation of Droop Gain in Converter 1
As a last example, the droop gain in remote converter 1 is varied, while the gain in converters 2 and 3 is left unchanged at 10. Figs. 21-23 show the results. After a comparison with the previous case, it is clear that changing only one droop gain has a greater effect on the relative converter participation in the interaction modes. For example, the relative participation of converter 1 in the slow mode G, H almost doubles. Modes C, D, which initially have a low participation from converter 1 [ Fig. 14(a) ], are not affected. Mode I, which had a relatively large share of converter 1 [ Fig. 14(d) ], is largely affected in position and subsystem participation. The position of mode J remains largely unchanged, while the subsystem participation changes for small values of (Fig. 23) . 
VI. CONCLUSIONS
The classification method presented in this paper allows to accurately distinguish between local converter modes and HVDC system interaction modes. Therefore, the method offers an extension of the widely adopted concept of local and interarea modes in ac systems to MTDC systems. Moreover, this approach can assist in identifying possible sources of interactions between terminals and in designing corrective actions if needed. When analyzing stability problems with unknown causes in MTDC systems, the method reveals whether it is possible to solve the problem by focussing on local control loops of individual converter stations or whether it needs to be addressed in a system-wide manner. Numerical examples have been presented to highlight how this classification offers physical insights in the interaction patterns in HVDC systems. It is shown how interactions between converters are mainly associated with the dc voltages in the system. When voltage control is distributed throughout the system by employing droop control, the converter controllers become more coupled and other interactions appear related to associated control loops. Thus, undesired interactions in large droop-controlled MTDC systems will often require modifications of control parameters for multiple converters. The proposed methodology can serve as a framework for identifying, analyzing, and mitigating such possible unintended system-wide interactions.
APPENDIX CABLE STATE-SPACE MODEL
This appendix discusses how the state-space model of the cable from [18] changes if inductors (associated with the dc breakers) are present at each cable end (Fig. 5) as shown in the following equations:
The state variables correspond to the internal current and voltage states of the cable model. The corresponding submatrix refers to the state-space representation of the cable with parallel branches from [18] , with the sign of the diagonal R/L elements inverted. The voltages at the cable ends (inputs to the model in [18] ) are now given by and .
